Cell-based therapies (CBTs) are considered the effective approaches to treat liver failure. However, which cell type is the most suitable source of CBTs for acute liver failure (ALF) or chronic liver failure (CLF) remains unclear. To investigate this, mature hepatocytes in adult liver (adult HCs), fetal liver cells (FLCs), induced hepatic stem cells (iHepSCs) and bone marrow derived mesenchymal stromal cells (BMSCs) were used to CBTs for ConA-induced ALF and Fah-deficient induced CLF in mice. The results showed that only BMSCs remitted liver damage and rescued ALF in ConA-treated mice. In this process, BMSCs inhibited ConA-induced inflammatory response by decreasing the mRNA expressions of TNF-a, IFN-c and FasL and increasing IL-10 mRNA expression. However, in the CLF model, not BMSCs but adult HCs transplantation lessened liver injury, recovered liver function and rescued the life of Fah-/-mice after NTBC withdrawal. Further study showed that adult HCs offered more effective liver regeneration compared to other cells in Fah-/-mice without NTBC. These results demonstrated that BMSCs and adult HCs are the optimal sources of CBTs for ConA-induced ALF and Fah-deficient induced CLF in mice, respectively. This finding deepens our understanding about how to select a proper CBT for different liver failure.
L iver failure, the critical deterioration of liver function, is a complex fatal liver disease. It has a variety of etiologies, including viral hepatitis, excessive alcohol, drug-induced hepatotoxicity, metabolic liver disease, and uncertain causes 1 . Depending on the duration of the disease, liver failure can be roughly distinguished into acute liver failure (ALF) and chronic liver failure (CLF). ALF, a rare but sudden clinical syndrome in people without pre-existing serious liver disease, results from fast and extensive hepatic necrosis and causes severe jaundice, coagulopathy, hepatic encephalopathy, and even multi-organ failure 2 . CLF often occurs in patients with incurable chronic liver disease or stable cirrhosis and usually is accompanied by continuous inflammation. CLF leads to metabolic disorders of various toxins and presents irreversible chronic loss of liver function 3 . Additionally, a sudden event such as severe infections, sepsis and excessive alcohol intake can cause dramatic damage of hepatic tissue in patients with chronic liver disease, which is termed as acute-on-chronic liver failure 4 . Although modern medical treatment has continuous improvement, orthotopic liver transplantation (OLT) is still considered the most effective therapy in the patients suffering from life-threatening liver failure. However, shortage of donor liver, contraindications and expensive charge greatly limits its widespread use. Cell-based therapies (CBTs) are deemed to the suitable alternative therapeutic approaches for liver failure owing to its fewer traumas, less cost, relatively simple technique, reversibility and repeatability. Transplanted cells could remit the deterioration of liver function and promote liver regeneration, which might avoid OLT entirely or at least be a bridge to OLT 5 . Several laboratorial and clinical studies showed that various cells, including mature hepatocytes in adult liver (adult HCs), fetal liver cells (FLCs), hepatic stem/progenitor cells (HSPCs), mesenchymal stromal cells (MSCs), are the potential sources of CBTs for liver failure 6, 7 . In the present study, we attempt to explore the differences on the therapeutic effects of these cells in treatments of ALF and CLF. We isolated adults HCs and bone marrow derived MSCs (BMSCs) from adult C57BL/6 mice and FLCs from the liver of C57BL/6 mice embryos at day 13.5. Induced hepatic stem cells (iHepSCs) from MEFs, which has bi-directional differentiation potential in vitro and in vivo, are used as HSPCs 8 . On the other hand, we utilized Concanavalin A (ConA) induced acute liver injury to mimic ALF and fumarylacetoacetate hydrolase-deficient (Fah-/-) induced chronic liver injury to mimic CLF. ConA, a plant lectin and T cell mitogen, is widely used to induce rapid, severe and dose-dependent hepatitis and subsequent liver injury in mice model 9 . Fah is a metabolic enzyme that catalyzes the last step of tyrosine catabolism. Fah deficiency causes the accumulation of two tyrosine metabolites, maleylacetoacetate and fumarylacetoacetate, which are responsible for liver damage by leading to hepatocytes necrosis. 2-(2-nitro-4-trifluoromethylbenzoyl) -1,3-cyclohexanedione (NTBC) can decrease the accumulation of maleylacetoacetate and fumarylacetoacetate by inhibiting hydroxyphenylpyruvate, the second enzyme of tyrosine metabolic pathways. Fah-/-mice require NTBC for maintaining liver function and survival. If NTBC treatment is withdrawn, Fah-/-mice undergo CLF and subsequent death 10, 11 . Then we used these two kinds of mice models to investigate the most appropriate candidate of CBTs among these four kinds of cells in the ALF and CLF treatments.
Results
Only BMSCs transplantation can rescue ConA-induced ALF in mice. Firstly, we used immunofluorescent staining to identify phenotypic characterizations of adult HCs, FLCs and iHepSCs that would be utilized in our experiments. The results showed that all of adult HCs, FLCs and iHepSCs expressed albumin (ALB), which is a classic hepatocyte lineage marker and is widely used to indicate liver function. And none of adult HCs, a small population of FLCs and all of iHepSCs were bipotent cells, which co-expressed a-fetoprotein (AFP) and cytokeratin (CK) -19 ( Figure 1a) . Meanwhile, flow cytometry analysis revealed that BMSCs expressed specific surface markers, including CD29, CD90 and CD105, and were negative for CD14, monocyte surface marker, and CD34 and CD45, two hematopoietic cell-surface markers (Figure 1b) . And BMSCs exhibited the ability of differentiating into adipocytes and osteoblast-like cells (Figure 1c) . Therefore, the cell used in our experiments accorded with their corresponding characterizations.
Then the mice were separately received intrasplenical injection with adult HCs, FLCs, iHepSCs, BMSCs and the same volume of saline solution 2 hours after ConA injection (25 mg/kg). The cohort of mice monitored for survival demonstrated that survival percentage of ConA 1 Saline group was just 12.5% (1/8) 19 hours after ConA injection. The ConA 1 BMSCs treated mice exhibited longer mean survival time compared to that of ConA 1 Saline treated mice. However, adult HCs, FLCs and iHepSCs transplantations had no significant influence on the survival times of ConA-treated mice ( Figure 2 ). These results showed that only BMSCs transplantation rescued ConA-induced ALF in mice.
Transplanted BMSCs lessens ConA-induced liver injury by reducing inflammatory responses. To investigate why only BMSCs transplantation can remit ConA-induced ALF, we explored the changes causing by cell transplantation in the ConA-treated mice. Firstly, we sacrificed the mice 10 hours after ConA injection, and then examined liver pathological structures and the serum markers of liver injury and functions. Hematoxylin and eosin (H&E) staining revealed that ConA caused prominent lymphocyte infiltration, the obvious accumulation of red blood cell in hepatic sinusoid, which hints the serious injury of vascular endothelial cell in the liver, and severe hepatocyte necrosis. BMSCs transplantation reduced the ConA-induced damages to liver cells and vascular endothelial cells and lymphocyte infiltration, but adult HCs, FLCs and iHepSCs transplantations had no remarkable influence on ConA-induced liver injury (Figure 3a) . Further serum examination also showed that ConA resulted in the increases of the levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST), two classical markers of liver injury, and total bilirubin (Tbil), an indicator of impaired liver function, and the decrease of ALB level. Adult HCs, FLCs and iHepSCs transplantations still had no significant impact on the ConA-induced changes of serum markers, but BMSCs transplantation retarded liver damage and improved liver function in the ConA-treated mice (Figure 3b-e) . These results indicated that only BMSCs transplantation decreases ConA-induced acute liver injury in mice.
The increases of TNF-a, IFN-c, IL-2, IL-4, IL-5 and FasL, all of which are mainly produced by lymphocytes and kupffer cells, directly contribute to ConA-induced severe immune-mediated hepatitis in mice 9, [12] [13] [14] [15] [16] . IL-10 is a crucial factor in the tolerance of ConA-induced hepatitis 17 . We detected the influence of cell transplantations on these cellular factors. The results indicated that BMSCs transplantation inhibited TNF-a, IFN-c and FasL mRNA expressions in the lymphocytes and kupffer cells of ConA-treated liver, and increased IL-10 mRNA expression in ConA-treated liver. However, there were no obvious differences on the mRNA expres- www.nature.com/scientificreports Discussion In this study, we evaluated the treatment efficiency of four kinds of CBTs for ALF and CLF, respectively. Our finding demonstrated that the most appropriate CBT is different between ALF and CLF treatments. In the CBT for ALF, BMSCs transplantation is the optimal candidate, which can timely and efficaciously reduce drastic inflammatory response and thereby decreases severe liver injury and rescues liver failure. However, in the CBT for CLF, adult HCs is the primary choice. Compared with FLCs, iHepSCs and BMSCs, adult HCs can provide the quickest liver regeneration and thereby effectively restore liver function.
CBT is a promising alternative treatment for patients with endstage liver disease, especially who cannot wait or afford to undergo OLT. Many kinds of cells are deemed to the potential sources of CBT. As early as 1976, adult HCs transplantation was used to treat an inborn error of liver metabolism in rodent model 18 . Since then, many delightful results about the effects of adult HCs transplantation for liver failure were observed in different animal models 19 . Although adult HCs transplantation has numerous advantages compared to OLT, it still is subject to the limited source in the clinical application. Besides induced hepatocyte-like cells 20, 21 , more cell sources are also considered in the application of CBT for liver failure. HSPCs is able to differentiate into mature hepatocyte, and was observed its successful liver repopulation in several animal models [22] [23] [24] . The low number of HSPCs in adult liver and the difficulty of large-scale expansion in vitro of HSPCs limited the application of HSPCs transplantation in the past, but iHepSCs supports a novel method to overcome these difficulties 8 . FLCs, which contains some HSPCs, some immature hepatocytes and many mature hepatocytes, is also confirmed to have ability of liver regeneration in normal or damaged liver 25 . MSCs is another source of HSPCs, which has been isolated from various tissues, such as bone marrow, adipose tissue and so on. Some studies have demonstrated that MSCs can differentiate into hepatocyte under defined conditions in vitro 26 , and regenerate the liver in vivo 27 . Although all these cells have the potential to treat liver failure, the differences among them in the treatment of liver failure are worth to explore. Fulminant hepatitis is one of the main causes of ALF. T-cell-rich infiltration and subsequent immune response play the principal role in hepatocyte destruction in this kind of disease 28 . In its mimetic mice model, high dose ConA-induced liver injury, except for BMSCs, three other kinds of cells cannot rescue the mice with ALF. Moreover, the mechanism of the rescue of BMSCs to ALF is involved in the inhibition of inflammatory response resulting in liver injury but not the promotion of liver regeneration. We were not observed 32 that adipose tissue-MSCs is effective in treating acetaminophen induced acute liver injury by inhibiting liver stress and inflammatory signaling. We also found that BMSCs transplantation resulted in the decrease of TNF-a, IFN-c and FasL expressions and the increase of IL-10 expression in the ConA-treated mice liver. Therefore, BMSCs transplantation can effectively remit immuneinvolved ALF, but its exact mechanism still requires further investigation. Previous studies showed that transplanted hepatocytes in N-dimethylonitrosamine or D-galactosamine induced ALF had remarkable therapeutic effect 33, 34 . However, adult HCs, FLCs and iHepSCs transplantations have no significant impacts on the ConA-induced liver injury. That the course of ALF is too short for the cells to regenerate efficiently and the inflammatory response in ConA-induced liver injury is too fierce for the cells to survive may be two possible reasons resulting in this phenomenon.
Different from ALF, CLF has not dramatic but persistent and relatively mild liver injury. Transplanted cells have abundant time to engraft into the injured liver and trigger the process of liver regeneration in CLF model. For having a clear contrast in the efficiency of liver regeneration among these cells, we chose a fatal chronic liver injury model, Fah-deficient induced CLF in mice. Transplanted adult HCs had successful liver regeneration, which remitted the liver injury resulting from the defect of tyrosine metabolism and kept most Fah-/-mice (4/5) survive at least 50 days from NTBC withdrawal. Although adult HCs belongs to terminal differentiation cells, it exhibits strong proliferating ability. In contrast, transplanted iHepSCs only showed weak liver regeneration 25 days after NTBC withdrawal, and just save one Fah-/-mice. Previous study showed the effective replantation of iHepSCs in Fah-/-mice without NTBC, but it need to more time, 8 weeks 8 . The body weight of Fah-/-mice had fallen by more than 30% on 25 days from NTBC withdrawal (Figure 5a ). During this period of time, feeble vitality of mice and few replantation of iHepSCs may cause subtle differences between previous study 8 and our model. Transplanted FLCs also revealed weaker liver regeneration ability than adult HCs, and only rescue a small part of Fah-/-mice (2/5). Both Dhivya Haridass, et al. 35 and Kamimura R, et al. 36 also reported that adult HCs had higher regeneration efficiency compared to FLCs and embryonic stem cells derived hepatic cells in their liver injury models. iHepSCs and FLCs need time and environment to completely develop into mature hepatocytes. This may be the cause resulting in that the efficiencies of liver regeneration of both iHepSCs and FLCs are lower than that of adult HCs. In the Fah-/-mice model, BMSCs still decreased expressions of TNF-a and IFN-c in the liver ( Supplementary Fig. S2 online) . Whereas inflammatory response is not the main cause of liver injury but an accompanied and relatively moderate change after NTBC withdrawal. Therefore, BMSCs transplantation had not deceased Fah-deficient induced liver injury. Meanwhile, the fast and effective transdifferentiation from MSCs to mature hepatocytes needs strict conditions. This may lead to rare Fah-positive cells in the Fah-/-mice with NTBC withdrawal and BMSCs transplantation.
In summary, ALF is a fast and severe liver damage, which results in dramatic disorder of liver function and often is accompanied by fierce inflammation, but CLF is a persistent and relatively mild liver injury. BMSCs and adult HCs are the optimal candidates of CBT for the fierce inflammation-associated ALF and metabolic disorderinduced CLF, respectively. The different characteristics of the diseases and the different specialities of CBTs make the different choice. This founding supports more clues for the reasonable choice of CBT for liver failure in the clinic.
Methods
Animal. C57BL/6 mice were obtained from the Shanghai Experimental Center, Chinese Science Academy, Shanghai. Fah-/-mice (129S4 x C57BL/6 background) were maintained with 7.5 mg/L NTBC in the drinking water in our laboratory. All animals were maintained at an animal facility under pathogen-free conditions and received humane care according to the animal protocols approved by the Shanghai Jiao Tong University Animal Care Committee (2013AE032102).
Isolation of adult HCs, FLCs and BMSCs from mice. All these three kinds of cells were obtained from C57BL/6 mice. Adult HCs were isolated from the liver of adult mice by a two-step collagenase perfusion method, which was described by Smit JJ, et al 37 . In brief, mice liver was perfused through the portal vein with D-Hank's solution (Invitrogen, Gland Island, NY) until blood free, and then with Hank's solution (Invitrogen) containing 0.5 g/L collagenase IV (Sigma-Aldrich, St.Louis, MO) for 20 minutes. The liver was scraped using a tweezers, and was filtered by a 100 mm strainer, and then was stirred in Hank's solution containing 2.5 g/L pronase and 0.05 g/L DNase (both from Sigma-Aldrich) for 20 min at 37uC. Then the disaggregated material was filtered through a 70 mm cell filter. After twice washing, cells were re-suspended in 45% Percoll (Sigma-Aldrich) and re-centrifuged at 50 3 g for 10 minutes. After enrichment by isodensity purification in Percoll, cells were gently washed and centrifuged, and were re-suspended in saline solution.
FLCs were isolated and purified from the livers of mice embryos at day 13.5 by the method that was described by Haridass D, et al 35 . Briefly, fetal livers were removed under binocular microscope and were digested by collagenase/dispase (Roche, Mannheim, Germany) for 15 minutes at 37uC. Then the cells were treated by red blood cell lysis buffer (Sigma-Aldrich) and washed twice in cold Dulbecco's modified Eagle's medium (DMEM, Invitrogen). Finally, the cell re-suspended in saline solution.
BMSCs were generated from bone marrow flushed out of the femur and tibia of mice (4-6 weeks old) as described previously 30, 38 . In short, BMSCs were cultured in aminimal essential medium complemented with 10% fetal bovine serum (FBS), 2 mM glutamine and 1% penicillin/streptomycin (all from Invitrogen). Non-adherent cells were removed after 72 hours, and adherent cells were kept in media replenished every 3 days. Cells were utilized in the 5th to 20th passage.
Cell culture of iHepSCs. iHepSCs is a gift from Department of Cell Biology, Second Military Medical University, Shanghai, China, and were cultured as the description of Bing Yu, et al 8 . Briefly, iHepSCs were cultured in DMEM/F12 medium supplemented 10% FBS, 1% penicillin/streptomycin, 0.1 mM 2-mercaptoethanol (Invitrogen), 10 ng/ml HGF, 10 ng/ml EGF (both from R&D Systems, Minneapolis, MN), 1 3 insulin-transferrin-selenium (ITS), 10 27 M dexamethasone, 10 ng/ml nicotinamide, and 50 mg/ml gentamicin (all from Sigma-Aldrich).
The characterizations of adult HCs, FLCs, iHepSCs and BMSCs. Adult HCs, FLCs and iHepSCs were stained with rabbit anti-ALB (ab19196, 1550), sheep anti-AFP (ab183147, 15100) and rabbit anti-CK19 (ab52625, 15200) (all from abcam, Cambridge, UK). Secondary antibodies included Alexa FluorH 555 Donkey AntiRabbit IgG (A21206) and Alexa FluorH 488 Donkey Anti-Sheep IgG (A11015) (both from Invitrogen, 15200).
BMSCs were analyzed by flow cytometry using anti-CD29-PE (102207), anti-CD90-PE (205903), anti-CD105-PE (120407), anti-CD14-PE (123309), anti-CD34-PE (128609) and anti-CD45-FITC (103104) (all from Biolegend, San Diego, CA). In brief, 1 3 10 5 cells were washed twice with PBS, re-suspended in 100 ml PBS containing specific antibody and incubated for 30 min at 4uC. Then the cells were washed twice and re-suspended in 300 ml PBS. Fluorescence analysis was performed with a flow cytometer (FACS Aria, BD).
BMSCs were treated with OriCell TM C57BL/6 Mouse Mesenchymal Stem Cell Adipogenic Differentiation Medium (Cyagen Biosciences Inc. Guangzhou, China) to induced adipogenic differentiation. Briefly, BMSCs were cultured in medium A (induction medium) for 3 days, and in medium B (maintenance medium) for 1 day, then were re-cultured in medium A. After 3 cycles, cells were cultured in medium B for 7 days. And then the cells were fixed in 4% formaldehyde, washed with PBS and stained with 0.2% oil-red O Solution (Sigma-Aldrich) to detect lipid droplets.
BMSCs were treated with OriCell TM C57BL/6 Mouse Mesenchymal Stem Cell Osteogenic Differentiation Medium (Cyagen Biosciences Inc.) to induced osteogenic differentiation for 3 weeks with medium changing every 3 days. And then the cells were fixed in 4% formaldehyde and washed with PBS, and were treated by von Kossa staining (Shanghai Showbio Biotech, Inc. Shanghai, China) to reveal calcium deposits.
CBTs for ALF and CLF in mice model. ConA (Sigma-Aldrich) was dissolved in saline solution (5 mg/ml). Then it was injected from tail vein (25 mg/kg) into male C57BL/6 mice (10-12 weeks old, weighing 25-27 g) to induce severe hepatitis and ALF. Adult HCs, FLCs, iHepSCs and BMSCs (all 10 6 cells/100 ml saline solution) were intrasplenically injected into mice 2 hours after ConA injection, respectively.
The withdrawal of NTBC can induce CLF and ultimate death in the Fah -/-mice. While NTBC is withdrawn, adult HCs, FLCs, iHepSCs and BMSCs (all 10 6 cells/ 100 ml saline solution) were intrasplenically injected into the Fah -/-mice (10-12 weeks old), respectively.
Biochemical analysis. The blood of mice was collected and serum was separated for biochemical analysis. Then the serum levels of ALT, AST, Tbil and ALB were determined using a FUJI DRI-CHEM7000 (Fuji Medical System, Tokyo, Japan) according to the manufacturer's instructions.
H&E staining and Immunohistochemical staining. Liver sections of mice were preserved in 10% neutral-buffered formalin over night at 25uC. Five random sections of paraffin-embedded liver tissues were stained with H&E for histopathological analysis. For antigen retrieval, liver sections were performed by microwave-heating method in 0.01 M citrate buffer (pH 6). Then section were incubated in Fah antibody (Abbomax, San Jose, CA, 153000) over night at 4uC, followed by incubation with the HRP-conjugated anti-rabbit secondary antibody (ZSGB-BIO, Beijing, China) for 30 minutes at 37uC. Then the slides were counterstained with Hematoxylin.
Isolation of lymphocytes and kupffer cells in mice liver. Intrahepatic lymphocytes and kupffer cells were isolated according to two method with slight modifications 39, 40 . Mice liver was treated with two-step collagenase perfusion, distributed and filtered like above methods. After filtering through 70 mm cell strainer, cell suspensions were centrifuged at 50 3 g for 10 minutes and the supernate was collected. The supernated was centrifuged at 250 3 g for 3 minutes, and the cells were re-suspended in 30% Percoll. Intrahepatic lymphocytes and kupffer cells were isolated by centrifugation (400 3 g) at room temperature for 15 min over a 30/70% discontinuous Percoll.
Real-time quantitative polymerase chain reaction (qPCR). Liver sections of mice were soaked in RNALater (Qiagen GmbH, Hilden, Germany). And then the RNAs of total liver, intrahepatic lymphocytes and kupffer cells were extracted using Trizol Reagent (Invitrogen, Carlsbad, CA, USA), and were treated with RNase-free DNase (Promega, Madison, WI, USA) to deplete residual DNA. Complementary DNA was prepared by using oligo dT18-primers and MMLV reverse transcriptase (Promega). qPCR was performed using the LightCycler 480 system (Roche Diagnostics, 
